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Min systemThe Min system of proteins, consisting of MinC, MinD and MinE, is essential for normal cell division
in Escherichia coli. MinC forms a polar gradient to restrict placement of the division septum to
midcell. MinC localization occurs through a direct interaction with MinD, a membrane-associating
Par-like ATPase. MinE stimulates ATP hydrolysis by MinD, thereby releasing MinD from the
membrane. Here, we show that MinD forms polymers with MinC and ATP without the addition of
phospholipids. The topological regulator MinE induces disassembly of MinCD polymers. Two MinD
mutant proteins, MinD(K11A) and MinD(DMTS15), are unable to form polymers with MinC.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction dissociate from the membrane [14–19,24]. In the structural modelThe hallmark of cell division in bacteria is the formation of a
protein ring at the site of septation, called the Z-ring, which con-
tains FtsZ and FtsZ-interacting proteins. In Escherichia coli, Z-ring
assembly is inhibited by two systems, SlmA and the Min system
[1–4]. The Min system, consisting of MinC, MinD and MinE, pre-
vents assembly of the Z-ring near the cell poles. MinC inhibits FtsZ
polymerization in vitro and Z-ring formation in vivo [5–7,35].
MinD exhibits rapid pole-to-pole oscillation and restricts MinC
localization through a direct interaction [8]. MinE functions as a
regulator to stimulate the ATPase activity of MinD promoting
release from the membrane [4].
MinD is a member of the Walker A Cytoskeletal ATPase (WACA)
family, also referred to as the ParA family [9,10]. Many Par-like
proteins are involved in plasmid partitioning or chromosome seg-
regation and are characterized by ATP-dependent dimerization
[10,11]. In the ATP-bound conformation MinD forms a sandwich
dimer with two molecules of ATP in the interface, and an amphi-
pathic helix at the C-terminus of each MinD protomer inserts into
the lipid bilayer [12,25]. The regulator MinE, which also forms a
membrane-associated dimer, binds to MinD and stimulates ATP
hydrolysis in the presence of phospholipids, causing MinD toof the MinD dimer in complex with MinE, the MinE binding site is
adjacent to the MinD dimerization interface [12,19].
MinD contains a deviant Walker A ATP-binding motif
(10GKGGVGKT17), which differs from the classical Walker A motif
due the presence of an additional lysine at position 11. Lys 11 in
MinD is important for dimerization, ATP hydrolysis and interacting
with MinC [21,22]. In the current model, Lys 11 interacts with ATP
in the opposing protomer [12,23]. MinE binds phospholipid-associ-
ated MinD and increases the ATP hydrolysis rate 10-fold [15]. ADP-
bound MinD then dissociates from the membrane releasing MinE.
Association of MinD with the phospholipid membrane is impor-
tant for activity in vivo [25,26]. MinD membrane localization is
mediated by a conserved 8–12 residue motif at the C-terminus
called the membrane targeting sequence (MTS) [12,13,26,27].
The MTS forms an amphipathic a-helix that inserts into the
phospholipid bilayer [12,13]. Following stimulation of ATP hydro-
lysis by MinE, the MTS dissociates from the membrane [16,18].
In the presence of ATP and a regenerating system, cycling of MinD
and MinE on and off the membrane produces waves and other pat-
terns on membrane surfaces in vitro [28,29].
MinC is a dimeric two-domain protein that inhibits FtsZ poly-
merization at two sites of interaction [6,7,20]. In addition to medi-
ating dimerization and FtsZ recognition, the C-domain of MinC also
binds to MinD. Amino acid residues in MinC important for binding
to MinD include Arg 133, Ser 134 and several surface exposed
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on the top of the MinD dimer interface, distal to the membrane-
associated region. Amino acid mutations that prevent MinD
dimerization, and residues in helix 7 (Leu 157, Gly 158 and Ala
161), disrupt the interaction with MinC [12]. Residues on MinD
important for the interaction with MinE are more widely distrib-
uted along the dimer interface [12].
Some members of the Par family, including ParA, ParF and Soj,
undergo ATP-dependent polymerization in vitro, yet polymeriza-
tion in vivo remains controversial [10,11,31,32]. MinD polymeriza-
tion is thought to occur on the membrane surface, since several
groups observed polymer formation by MinD in the presence of
phospholipids and ATP [14,17]. Here, we describe conditions that
support the formation of stable polymers containing MinD, MinC
and ATP; however, no phospholipids were added to the reaction.
MinE induces disassembly of polymers, which may occur through
a direct interaction with MinD that displaces MinC.
2. Materials and methods
2.1. Plasmids, protein expression and puriﬁcation
The minD, minC and minE genes were ampliﬁed from E. coli
MG1655 and cloned into pET-24b plasmid (Novagen).
MinD(DMTS15) was constructed by insertion of a TAA stop codon
at position 256 in minD, and MinD(K11A) was constructed by
site-directed mutagenesis. MinD wild type and mutant proteins
were expressed in E. coli BL21(kDE3) cells grown in luria broth con-
taining kanamycin (25 lg ml1) following addition of isopropyl-b-
D-thiogalactoside (IPTG) (0.5 mM). After 3 h, cells were collected
and resuspended in 25 mM Tris–HCl, pH 8.0, 50 mM KCl, 10 mM
MgCl2, 10% glycerol, 1 mM EDTA and 1 mM tris(2-carboxy-
ethyl)phosphine (TCEP). After French press lysis, soluble extracts
were collected by centrifugation at 35000g for 30 min, loaded
on a 25 ml Q sepharose fast ﬂow (GE Healthcare) column and
eluted with a KCl gradient (50–600 mM). Peak fractions were frac-
tionated on a 50 ml Sephacryl S-100 (GE Healthcare) column equil-
ibrated with 25 mM Tris–HCl, pH 8.0, 150 mM KCl, 10 mM MgCl2,
10% glycerol, 1 mM EDTA and 1 mM TCEP. MinC and MinE were
puriﬁed as described above except MgCl2 was omitted. Dimer pro-
tein concentrations are reported for MinD, MinC and MinE.
2.2. Ultracentrifugation assays
Reaction mixtures (25 ll) in assembly buffer (50 mM MES, pH
6.5, 100 mM KCl, 10 mM MgCl2) containing MinD (12 lM), MinC
(6 lM) and ATP (4 mM) were incubated for 5 min at 23 C, then
centrifuged at 130000g for 30 min. Supernatants and pellets
were resuspended in equal volumes and analyzed by SDS–PAGE
and Coomassie staining. Where indicated, the following nucleo-
tides or EDTA (15 mM) were included in the reaction: ADP
(4 mM), ATP-c-S (2 mM), AMPPNP (2 mM), GTP (2 mM). Hill coef-
ﬁcients were obtained from reactions titrating MinD in the pres-
ence of 2 or 10 lM MinC. Curves were ﬁt to a one-site speciﬁc
binding model with cooperativity in GraphPad Prism (Version
6.0b) using the following equation B = Bmax  [L]n/(Kdn + [L]n);
where B is the speciﬁc binding, L is the concentration of MinD,
and n is the Hill slope. Pre-treatment of MinC and MinD proteins
with lipid removal agent (LRA) (Sigma–Aldrich) did not affect
assembly in the ultracentrifugation assay.
2.3. Light scattering assays
Reactions were carried out in assembly buffer containing MinD
(12 lM) and MinC (6 lM) or as indicated with MinE (0–30 lM).Polymerization was followed with time after the addition of
4 mM ATP by monitoring light scattering using an Agilent Eclipse
ﬂuorescence spectrophotometer with excitation and emission
wavelengths set to 450 nm with 5 nm slit widths.
2.4. Electron microscopy
Reactions containing assembly buffer with 5 lM MinD, 5 lM
MinC and 4 mM ATP, where indicated, were incubated for 5 min
at 23 C, applied to a 300-mesh carbon/formvar coated grid, ﬁxed
with glutaraldehyde (1%), and stained with uranyl acetate (2%).
Samples were imaged by transmission electron microscopy using
a Morgagni 268100 KV instrument equipped with a 6-megapixel
digital camera.
3. Results
3.1. ATP-dependent assembly of polymers containing MinC and MinD
To further understand the protein interaction that occurs
between MinC and MinD, we studied nucleotide-dependent com-
plex formation in vitro. Other Par-like ATPases assemble into poly-
mers, therefore we tested if MinC promotes or stabilizes polymers
formed by MinD. MinC and MinD were incubated in the presence
and absence of ATP, and then reactions were fractionated by ultra-
centrifugation. We observed that without ATP, both MinD and
MinC, alone or together, were soluble and predominantly localized
to the supernatant (Fig. 1A). However, when MinC and MinD were
incubated together with ATP, the distribution of both proteins
shifted to the pellet even though only MinD contains a nucleo-
tide-binding site (46% of MinD fractionated with the pellet). The
ratio of MinD to MinC was calculated to be 1.6:1 (Fig. S1A). When
MinC or MinD was incubated with ATP alone, each protein was
present in the supernatant fraction. These results suggest that with
ATP, MinC and MinD form large oligomers.
Next, we used 90-angle light scattering to detect the assembly
of large MinCD complexes. We measured the light scatter of mix-
tures of MinC and MinD, then added ATP and monitored the
change in scattered light for 15 min (Fig. 1B). The addition of ATP
to reactions containing MinC and MinD caused a large increase in
light scatter, which reached a plateau after approximately 15 min
and was stable for longer than 90 min (Fig. 1B and Fig. S1B).
Addition of ATP to reactions containing either MinC or MinD led
to no increase in light scatter (Fig. 1C and D). No increase in signal
was detected when buffer was added to reactions containing both
MinC and MinD (Fig. 1E).
Next, to determine if complex formation is dependent on MinC
concentration, we titrated the amount of MinC in assembly reac-
tions but kept the amount of MinD constant. We then performed
ultracentrifugation and analyzed pellet fractions. Increasing MinC
in the reaction also increased the amount of MinD and MinC in
the pellet (Fig. 2A). The ratio of MinD to MinC appeared consistent
throughout the titration. Omitting ATP from the reaction did not
lead to a signiﬁcant amount of either MinC or MinD in the pellet.
To further investigate the requirement for ATP in MinCD com-
plex formation, we compared several ATP analogs in ultracentrifu-
gation assays. We performed densitometry on the band
corresponding to MinD, since MinD contains the nucleotide-bind-
ing site; MinC was present in all fractions that contained MinD.
We observed that ATP and the ATP analog ATP-c-S supported the
formation of large complexes containing MinD and MinC, but both
the ATP analog AMPPNP and ADP did not (Fig. 2B). MinD-contain-
ing complexes were also observed when EDTA was included in the
reaction with ATP, indicating that Mg2+-dependent ATP hydrolysis
is not important for assembly. Surprisingly, GTP also supported the
Fig. 1. Formation of large complexes containing MinD and MinC. (A) Reactions
containing combinations of MinC (6 lM), MinD (12 lM), and ATP (4 mM), where
indicated, were incubated at room temperature for 5 min and then fractionated by
ultracentrifugation. Supernatants and pellets were analyzed by SDS–PAGE and
staining. (B) ATP-dependent assembly of complexes containing MinC (6 lM) and
MinD (12 lM) was monitored by 90 light scattering as described in Section 2. A
baseline was collected for 4.5 min, and then ATP was added when indicated to
stimulate assembly. Light scattering was measured for 20 min. (C) Light scattering
assay showing MinD (12 lM) alone, with the addition of ATP when indicated,
performed as described in B. (D) Light scattering assay showing MinC (6 lM) alone,
with the addition of ATP when indicated, performed as described in B. (E) Light
scattering assay showing reactions containing MinC (6 lM) and MinD (12 lM),
with the addition of assembly buffer when indicated, performed as described in B.
Data shown in (B–E) is representative of 3 replicates.
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mant-GTP; however the interaction is 6-fold weaker than observed
with mant-ATP (Fig. S1C). Our results suggest that nucleotideA
DC
Fig. 2. Conditions that promote the formation of large MinCD complexes. (A) MinD (12
increasing concentrations of MinC (0–6 lM). Ultracentrifugation assays to collect MinCD
by SDS–PAGE and staining. (B) Ultracentrifugation assays were performed on reactions
where indicated, as described in Section 2. Pellet fractions were analyzed by SDS–PAGE,
MinD (10 lM) was assayed for polymer formation with MinC (5 lM) in the presence of A
(D) in ultracentrifugation assays as described in Section 2. Pellet fractions were analyze
MinD. In (B–D), data from at least three replicates are represented as mean ± S.D.binding by MinD, but not hydrolysis, induces the assembly of large
complexes in the presence of MinC.
Next, we identiﬁed optimal conditions that promote assembly
of large MinCD complexes by comparing different pH and salt con-
centrations in ultracentrifugation assays with ATP. We performed
densitometry on the band corresponding to MinD to compare rel-
ative abundance of MinCD complexes. We varied KCl concentration
and observed that as the concentration of salt in the reaction
increases, the amount of MinD-containing complexes in the pellet
fraction decreases (Fig. 2C). Next, we varied the buffer composition
in reactions to identify the optimal pH for assembly. We observed
that reactions carried out in MES buffer at pH 6.0 or pH 6.5 support
the formation of large MinCD complexes (Fig. 2D). At higher pH
using Tris–HCl or HEPES buffer, we observed less MinD (and MinC)
in the pellet fractions. Upon testing multiple combinations of ionic
strength and pH closer to physiological conditions [38], we contin-
ued to observe MinCD complexes at pH 7.3 with 300 mM KCl
(Fig. S1D).
To test if the MinD-containing complexes are polymers, as with
other Par-like ATPases [11,32], we performed negative staining and
electron microscopy on mixtures of MinD, MinC and ATP. We
observed single-stranded polymers of variable length, 50–
800 nm, and approximately 10 nm in width in reactions containing
MinC, MinD and ATP (Fig. 3A). In control experiments, mixtures of
MinC and MinD without nucleotide showed background staining
with no large structures (Fig. 3B). When either MinC or MinD
was incubated with ATP and then visualized, we also observed
background staining without discernable structures (Fig. 3C and
D). These results show that incubation of MinC and MinD with
ATP leads to polymer formation.
3.2. MinE promotes disassembly of MinCD polymers
The binding sites for MinC and MinE overlap on MinD, suggest-
ing that the association of MinD with MinC and MinE is mutually
exclusive [12,22]. Therefore, we tested if MinE dissociates MinCD
polymers in a light scattering assay. After assembly of MinCD poly-
mers with ATP, MinE was added and an immediate decrease inB
lM) was incubated in assembly buffer with and without ATP, where indicated, and
polymers were performed as described in Section 2. Pellet fractions were analyzed
containing MinC (5 lM) and MinD (10 lM) under various nucleotide conditions,
staining and densitometry of the band on the gel correlating with MinD. (C and D)
TP and increasing concentrations of KCl (0–500 mM) (C) or at various pH (6.0–8.5)
d by SDS–PAGE, staining and densitometry of the band on the gel correlating with
Fig. 3. Visualization of MinCD polymers by negative staining and electron
microscopy. (A) MinC and MinD were incubated with ATP and visualized by
negative staining and electron microscopy as described in Section 2. Single stranded
ﬁbers with variable lengths were observed (arrow). No ﬁbers were observed in
reactions containing MinC and MinD without ATP (B), MinD with ATP (C) or MinC
with ATP (D). Size bars in (A–D) are 100 nm.
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Fig. 5. Cooperative assembly of MinCD polymers. MinC (2 or 10 lM) was incubated
in assembly buffer with ATP and increasing concentrations of MinD (0–20 lM).
Ultracentrifugation assays to collect MinCD polymers were performed as described
in Section 2. Pellet fractions were analyzed by SDS–PAGE, staining and densitom-
etry of the band on the gel corresponding to MinD. Data from three replicates are
represented as mean ± S.E.M.
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time and MinCD polymers dissociated within 10 min. When buffer
was added to MinCD polymers instead of MinE, no decrease in the
light scatter of MinCD was detected (Fig. 4B).
To determine if the effect of MinE is concentration-dependent,
we performed ultracentrifugation assays on mixtures of MinC,
MinD and ATP and varied that amount of MinE in the reaction.
To quantitate the relative amount of MinD-containing polymers
under various MinE concentrations, we performed densitometry
on the band corresponding to MinD from pellet fractions. The addi-
tion of MinE to the MinCD polymerization reaction resulted in a
concentration-dependent decrease in the amount of MinD-con-
taining polymers collected by ultracentrifugation (Fig. 4C).
To conﬁrm that MinCD polymers do not dissociate as a result of
ATP hydrolysis stimulated by MinE, we performed ATP hydrolysis
assays with MinD in the presence of MinC and MinE. As previously
published, we observed that MinE does not stimulate ATP hydroly-
sis by MinD without the addition of phospholipids [15,16]A B
Fig. 4. MinE disassembles ATP-dependent MinCD polymers. ATP-dependent assembly of
scattering as described in Section 2. A baseline was collected for 4.5 min, and then ATP w
10 min, then MinE (20 lM) (A) or buffer (B) was added to the reaction and light scattering
formation with MinC (5 lM) in the presence of ATP and increasing concentrations of Min
were analyzed by SDS–PAGE, staining and densitometry of the band on the gel correlat(Fig. S2A). Our results suggest that MinE may compete with MinC
for binding to MinD. We also detected weak GTP hydrolysis by
MinD, however GTP hydrolysis was not stimulated by MinE and
phospholipids (Fig. S2B).
3.3. Assembly of MinCD polymers is cooperative
To determine if polymers assemble cooperatively, we titrated
the amount of MinD in polymerization reactions containing a ﬁxed
MinC concentration (2 or 10 lM). Then we collected MinCD poly-
mers by ultracentrifugation and analyzed the amount of MinD in
the pellet fractions. The amount of pellet-associated MinD
increased as the concentration of MinD in the reaction increased
(Fig. 5). The binding curves at both MinC concentrations were used
to calculate Hill coefﬁcients of 1.94 ± 0.18 and 1.36 ± 0.17 for
curves generated with 10 lM and 2 lM MinC, respectively. Fewer
polymers and less cooperativity was observed at the lower MinC
concentration likely because MinC is limiting for assembly at high
MinD concentration.
3.4. Mutations in MinD prevent polymerization with MinC
MinD(K11A) contains a substitution mutation in the deviant
Walker A motif of MinD. Lys 11, which is present at the MinD
dimerization interface, is important for ATP hydrolysis and essen-
tial for dimerization (Fig. 6A) [21,22]. However, MinD(K11A) binds
nucleotide with similar afﬁnity as wild type MinD [34]. The coop-
erativity observed with wild type MinD suggests that oligomeriza-
tion is likely important for polymerization with MinC. Therefore,
we tested if MinD(K11A) is defective for polymerization with MinC
in ultracentrifugation assays. We did not detect MinD(K11A) in the
pellet fractions collected from reactions containing MinC and ATPC
complexes containing MinC (5 lM) and MinD (10 lM) was monitored by 90 light
as added when indicated to stimulate assembly. Light scattering was measured for
was monitored for an additional 10 min. (C) MinD (10 lM) was assayed for polymer
E (0–30 lM) in ultracentrifugation assays as described in Section 2. Pellet fractions
ing with MinD. Data from three replicates are represented as mean ± S.D.
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in the presence of ATP, we performed size exclusion chromatogra-
phy. MinD(K11A) eluted as a monomer in the presence of ATP,
whereas wild type MinD eluted as a dimer, which is in agreement
with published results [21,22] (Fig. S3A). These results suggest that
dimerization by MinD is important for polymer formation with
MinC.
Phospholipids are not essential for MinCD polymerization:
therefore, we hypothesized that the MTS at the C-terminus of
MinD would be dispensable for polymerization with MinC. We
constructed a truncated MinD mutant protein deleted for the
MTS, MinD(DMTS15), and tested it for polymerization with MinC.
Interestingly, MinD(DMTS15) is unable to form polymers with
MinC in ultracentrifugation assays (Fig. 6B). However,
MinD(DMTS15) is capable of binding nucleotide in experiments
with mant-ATP and forms dimers (Figs. S3B and C). These results
suggest that the MTS of MinD may be important for mediating
the polymer-stabilizing interaction with MinC.
4. Discussion
Here we describe the nucleotide-dependent polymerization of
cell division regulators MinD and MinC in vitro without the addi-
tion of phospholipids. Electron microscopy images of MinCD com-
plexes show long single-stranded polymers (Fig. 3A). The MinCD
polymers observed in our study are disrupted by MinE, which is
consistent with a mechanism where MinC and MinE bind to
overlapping regions of MinD near the nucleotide binding site, as
suggested in other studies [12,22,33].
The mutant protein MinD(K11A) is unable to dimerize or
polymerize with MinC, yet is reported to bind ATP (Fig. 6B) [34].
Deletion of the MTS from MinD prevents polymerization with
MinC (Fig. 6B). A MinD mutant protein containing a larger C-termi-
nal deletion (MinDD19) was shown to maintain thermodynamic
properties similar to MinD, suggesting that deletion of the C-termi-
nus does not perturb protein folding [25]. Our results suggest that
the MTS of MinD, which is critical for the interaction with phos-
pholipids, may also play a larger role in modulating the interaction
with MinC to facilitate polymerization.
Polymerization of MinD with MinC is stimulated by both ATP
and GTP (Fig. 2B), however weak GTP hydrolysis activity by MinD
is not stimulated by MinE and phospholipids, in contrast to ATP
hydrolysis activity (Fig. S2B). MinD was previously reported to
bind phospholipid vesicles in the presence of GTP as well as ATP,
indicating that MinD associates with either nucleotide [17].
Actin-like ATPases, including ParM, have been shown topolymerize with GTP as well as ATP [39]; however, members of
the MinD–ParA family, have not been typically associated with this
activity.
The precise molecular arrangement of MinC and MinD in the
polymers under our conditions is unknown, however the stoichi-
ometric ratio of MinD to MinC is 1.6:1 (Fig. S1A). Among MinD
homologs, ﬁlaments have also been described for ParF and Soj,
however Soj ﬁlaments assemble with DNA [32,36,37]. A structural
model of the ParF ﬁlament has been described recently in a confor-
mation stabilized by AMPPCP, which contains tetrameric units
stacked in an antiparallel orientation [32]. An analogous arrange-
ment for MinD would have to accommodate the presence of bound
MinC. It is also possible that MinC and MinD may be arranged as
alternating MinC and MinD dimers linked together in a 1:1 ratio.
If MinCD polymerizes into static ﬁlaments in vivo as well as
in vitro, then ﬁlamentation could sequester cell division regulators
or modify the Min oscillation cycle during cell division.
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